Elevations of fasting glucose (FG) levels are commonly encountered in people treated for hypertension (HTN). A high prevalence of insulin resistance 1,2 and of obesity 3 underlie these associations. The choice of medications used for the treatment of HTN also influences the risk for incident glucose elevations: thiazide diuretics increase risk, 4 whereas ACE inhibitors (ACEi) lower risk. 5 In the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) the risk of incident diabetes mellitus (DM) (≥126 mg/dl) at 2-year follow-up among nondiabetic individuals at baseline was highest among users of the thiazide-like diuretic chlorthalidone (9.3%) and lowest among users of the ACEi lisinopril (5.6%). 6 Users of the calcium blocker amlodipine had an intermediate risk (7.2%).
METHODS

ALLHAT
This trial compared first-step treatment with a diuretic (chlorthalidone) vs. an ACEi (lisinopril) or a calcium channel blocker (CCB; amlodipine) for the primary outcome of fatal and nonfatal coronary heart disease (CHD) and for several secondary outcomes (all-cause mortality, stroke, heart failure, left ventricular hypertrophy, decreased renal function, peripheral arterial disease, and blood pressure (BP) lowering). 8 A 4th arm of the study, using an alpha blocker (doxazosin; n = 9,061), was stopped early 9 and is not considered in this report. Participants were randomized to chlorthalidone, amlodipine, and lisinopril in a 1.7; 1.0; 1.0 ratio. Eligible participants were ≥55 years old with systolic blood pressure (SBP) >140 mm Hg, and/or diastolic blood pressure >90 mm Hg, and/or took HTN medication (<3 drugs) with BP < 160/100 mm Hg at randomization and had at least 1 additional risk factor for CHD. The latter included previous MI or stroke, other manifestations of atherosclerotic cardiovascular disease (CVD), left ventricular hypertrophy, a history of type 2 DM, current smoking, or low HDL cholesterol.
Step 1 medications were formulated to look alike so that the identity of each agent was double-masked. The dose of each step 1 blinded medication was titrated to achieve BP < 140/90 mm Hg. If BP could not be controlled using the maximum dose of step 1 medication, a choice of open-label step 2 medications (reserpine, clonidine, or atenolol) or step 3 medication (hydralazine) were available.
Baseline laboratory tests for glucose, lipids, creatinine, and potassium were obtained after an overnight fast. Analyses were conducted in a certified laboratory. During the 2nd, 4th, and 6th years of follow-up FG levels were repeated. Serum potassium and creatinine were measured at 1 month and at years 1, 2, 4, and 6. Fasting was defined as 8 or more hours without food.
Cohort for this study
Participants for this study were derived from an ALLHAT ancillary study called the Genetics of Hypertension Associated Treatments (GENHAT) study (Figure 1 ). 10 It sought to determine whether variants in HTN susceptibility genes interacted with antihypertensive medication to modify CHD risk in people with HTN. A sub-study of GENHAT implemented a case only design for gene-drug interaction testing. For this study, 2,615 ALLHAT/GENHAT participants with genotype data and a fatal or nonfatal CHD outcome or stroke were examined. 11 From these 2,615 participants, those with a baseline FG < 100 mg/dl were examined here.
Gene risk score
Genotyping was performed using a custom-content Illumina Human Exome Array (~2 million single nucleotide polymorphisms (SNPs)). From among the SNPs, 24 were associated with elevated glucose levels ( Table 1) . Owing to the modest individual impact of genes associated with glucose elevation susceptibility (OR: ~1.06-1.37), a weighted GRS was created to assess the impact of DM susceptibility genes on outcomes. This approach has been used in prior studies and has been validated as a method to assess the overall impact of genes on DM susceptibility. [12] [13] [14] [15] The GRS per participant was created by multiplying the number of risk alleles per SNP (0, 1, or 2) with the beta estimate reported for that SNP and summing that value across the 24 SNPs. The range of the gene score in our study was from 5.48 to 25.96.
Incident glucose disorders
Because FG levels vary, we chose 2 strict outcomes to minimize the effect of variation. The first outcome was an FG increase of 13 mg/dl from baseline. This was the upper quartile of FG change from our prior analysis. 6 The second outcome was an increase of ≥27 mg/dl that corresponds to the highest decile of FG increase in the parent cohort. Because the baseline FG at the start of analysis was <100 mg/dl, such an increase resulted in incident DM.
Cases of incident glucose disorders were chosen in 3 cycles and pooled. Those with an FG increase ≥13 mg/dl or ≥27 mg/dl were considered cases in the first cycle. Those who did not meet criteria at year 2 were considered controls. This procedure was repeated for the 0-4 year and 0-6 years periods.
Statistical analysis
Baseline characteristics were compared between treatment groups using t tests and chi-square tests. Logistic regression models were created to investigate the outcomes of FG ≥13 mg/dl or ≥27 mg/dl as the dependent variable and the GRS as the independent variable. The regression models were adjusted stepwise for age, body mass index, sex, race, baseline FG, HDL, and SBP. Potassium levels from 1 month after randomization visit were also included because increases in FG levels are believed to be due to decreased potassium levels, which lead to decreased insulin secretion. 16 We, therefore, chose the 1-month levels to account for chlorthalidone exposure.
The discriminatory capacity of the GRS to predict glucose changes was measured by the area under the curve (AUC) of the receiver operating curve and by net reclassification improvement (NRI). The latter method attempts to quantify how well a new model correctly reclassifies subjects. 17 This comparison is between an original "old" model (i.e., the covariates used in the logistic regression model) and a "new" model, which is the original model plus 1 additional component (i.e., the GRS). NRI is composed of subjects without events and with events. Subjects without or with events who are correctly reclassified lower or higher are assigned a+1 or a-1. Subjects without or with events who were incorrectly classified as higher or lower are assigned a-1. Subjects not reassigned are assigned a 0. The scores in each group are summed and divided by the number of subjects in that group. The sum of these 2 values is the NRI.
RESULTS
Cohort with gene risk score
Of the 2,615 ALLHAT/GENHAT participants with CHD outcomes and genotyping, there were 376 (14.4%) without a history of DM and an FG < 100 mg/dl. The remaining 2,239 (85.6%) participants had a history of either DM or elevated FG (≥100 mg/dl) levels.
Baseline characteristics of the cohort categorized by the presence or absence of the 2 study outcomes are shown in Supplementary Appendix. In the total group, the subgroups were similar except that participants who developed glucose outcomes were younger than those who did not develop the outcomes. They were more likely to be African American. When examined by randomized medications, there were no significant differences between participants receiving chlorthalidone or lisinopril who did and did not develop a glucose disorder. Participants randomized to amlodipine who developed glucose disorders were more likely to be African American. 
New glucose disorders by quartiles of GRS
Of the 376 participants, 171 (45.5%) were treated with chlorthalidone, 103 (27.4%) with amlodipine, and 102 (27.1%) with lisinopril (similar in proportion to the initial ALLHAT medication randomization scheme of 1.7:1.0:1.0).
The incidence of FG ≥13 mg/dl was 129/376 = 34.3%. An increase of FG ≥13 mg/dl was lowest in the first quartile of the GRS (21/82 = 25.6%) and highest in the 4th quartile (38/96 = 39.6%; Table 2 ). There was no trend for increasing the numbers of outcomes across quartiles. The incidence of FG ≥ 27 mg/dl was 46/376 = 12.2%. The incidence was lowest in the 1st quartile of GRS (6/82 = 7.3%) and highest in the 3rd (13/92 = 14.3%) and 4th (13/96=13.5%) quartiles. There was no trend of increasing outcomes across quartiles. The distribution of the GRS by the degree of FG change is shown in Figure 2 . There were only small differences in median GRS between the 3 groups.
When analyses were categorized by the individual antihypertensive medications, there was a significant trend for an increasing number of outcomes across quartiles of GRS among participants randomized to amlodipine for both outcomes (P trend = 0.04 for each). Among participants randomized to chlorthalidone or lisinopril, tests for trend were not statistically significant for either outcome and there were only small differences in outcome rates between the 1st and 4th quartiles
Logistic models
The odds ratios for each outcome per 1-allele increase in GRS, unadjusted and adjusted for risk factors known to increase FG levels, are shown in Table 3 . For the total group, there was a borderline significant adjusted association for FG ≥13 mg/dl (OR: 1.06; 95% CI: 0.99, 1.14; P = 0.06) and for FG ≥27 mg/dl (OR: 1.09; 95% CI: 0.99, 1.20]; P = 0.08). There were statistically significant associations per 1-allele increase in GRS for each outcome in participants treated with amlodipine (OR: 1.21; 95% CI: 1.04, 1.39; P = 0.01 and OR: 1.31; 95% CI: 1.06, 1.62; P = 0.01, respectively). For the chlorthalidone-and lisinopril-treated participants, there were no significant associations of GRS with either outcome.
Discriminatory ability of GRS
Area under the curve. The GRS alone had low ability to capture either outcome in the total group (AUC 0.55 each; Table 3 ). When results were examined by randomized medications, the baseline AUC for the GRS was highest among participants randomized to amlodipine (0.68 and 0.63, respectively; P < 0.02). The AUC for the GRS was low among participants randomized to chlorthalidone (0.56 and 0.49, respectively) or to lisinopril (0.56 and 0.52, respectively). When the effects of covariates related to elevated glucose levels (baseline age, body mass index, sex, race, baseline FG, triglycerides, HDL, and SBP, and 1-month potassium level) were added, the highest AUC for the FG increase ≥13 mg/dl outcome was in the amlodipine group (0.77); for the ≥27 mg/dl outcome the highest attained AUC was in the amlodipine (0.81) and lisinopril (0.82) groups. 
Net reclassification improvement
The NRI scores for the total group were borderline significant and significant, respectively, for either outcome. As an example, for those with the FG ≥13 mg/dl, 52.7% had an increased probability of the outcome with the addition of GRS, whereas for those without FG increase of ≥13 mg/dl outcome, only 42.3% had an increased probability of the outcome. The NRI for the FG ≥13 mg/dl increase outcome among participants randomized to chlorthalidone was statistically significant but not for the FG ≥27 mg/ dl outcome. The NRI scores were not significant for either outcome for those randomized to lisinopril but were significant for amlodipine users for the ≥27 mg/dl outcome. The discriminatory ability of the GRS is examined by: (i) area under the curve (AUC) and its change when adjusted for age, BMI, sex, race, baseline FG, HDL, systolic blood pressure, and 1-month potassium level; (ii) net reclassification improvement (NRI) score. Adjusted Model 1: age, gender, race, BMI; Adjusted Model 2: SBP, FG, HDL; Adjusted Model 3: age, gender, race, BMI, SBP, FG, HDL potassium. Abbreviations: BMI, body mass index; SBP, systolic blood pressure.
a Comparison of unadjusted AUC with GRS alone vs. adjusted model 3.
DISCUSSION
In this study of middle-aged and older adults with HTN and CVD-a group enriched for insulin resistance and at high risk for incident glucose disorders-a GRS of DM-related genes was associated with an increased risk of FG level elevation. Participants in the first quartile of the GRS had the lowest risk of FG elevation, whereas participants in the highest quartile had higher risk. There was a borderline statistically significant test of trend for FG level increases with increasing GRS severity. In logistic regression models, a 1-allele increase in GRS was associated with a 6% and 9% increased risk of developing an FG increase of ≥13 mg/dl or ≥27 mg/dl, respectively. These findings are concordant with prior studies that have examined the effects of a GRS for the prediction of glucose disorders in general populations (i.e., not exclusively hypertensive) 12, 13 but stronger than those reported from the Diabetes Prevention Program. In that cohort of prediabetic individuals, the GRS was more modestly associated with risk of progression to diabetes (hazard ratio (HR) = 1.02 per risk allele; 95% CI: 1.00, 1.05). 18 Finally, the GRS increased discriminatory ability through NRI for both outcomes.
When we categorized results by the 3 randomized antihypertensive medications, the overall effect of the GRS on outcomes was significant in participants randomized to amlodipine. The risk of glucose increases was 21% and 31% increased for the FG ≥13 and ≥27 mg/dl outcomes (P = 0.01), respectively, suggestive of a gene-medication interaction. There were no significant increases in risk of increased FG levels in participants randomized to chlorthalidone or lisinopril. There was also an improvement in NRI for amlodipine users for the ≥27 mg/dl increase in FG outcome. One can speculate regarding why there was an interaction of the GRS with amlodipine only. CCBs reduce calcium influx into cells. In smooth muscle cells, this leads to vasodilation 19 ; in pancreatic beta cells, this leads to reduced insulin secretion. 20 The vasodilation induced by CCBs leads to increased peripheral glucose uptake and improved insulin sensitivity, thereby counterbalancing their negative effect on insulin-producing cells. 21 Consequently, CCBs have no major effect on glucose metabolism. When, however, a CCB is used in the setting of genes related to susceptibility to elevations in FG levels, the impaired insulin secretion is enhanced, overwhelming the peripheral glucose effect. Neither thiazide diuretics nor ACEi interact with beta cell calcium channels. Hence, increased FG levels in people treated with these latter medications appear to be due to factors inherent to these medications. We note that in a prior publication from ALLHAT, 22 we reported that all-cause mortality over 8 years in association with incident DM was highest in participants treated with amlodipine compared with participants with incident DM treated with chlorthalidone or lisinopril. It is possible that the high GRS in association with incident DM in people treated with amlodipine predisposed to mortality.
This study has several advantages. First, the cohort was followed to capture as many incident events as possible so that any latent effect of genetic predisposition would be captured over time. Second, we used strict criteria for outcomes as FG levels may fluctuate. Third, we adjusted the effects of the GRS for factors known to be associated with risk of elevated glucose levels. Fourth, there was a high degree of compliance with the use of primary antihypertensive medications. 8 Observational studies that have examined the effects of a GRS with antihypertensive medications on CVD outcomes have assumed participants used certain medications for the treatment of HTN. Finally, we examined the effects of the GRS on study outcomes by 2 alternate statistical methods, e.g., AUC and NRI.
Limitations of this study should be acknowledged. The number of participants studied was small. Owing to this, it is possible that true significant associations were not detected. Second, participants for this study were from a sub-cohort of GENHAT 11 with CHD or stroke. They were part of a caseonly analysis and may not reflect the ALLHAT/GENHAT participants in general. On the other hand, the cohort was enriched for insulin resistance (owing to the presence of HTN and CHD) such that there were many significant or borderline significant outcomes in so small a cohort. Also, because ALLHAT was a HTN study many covariates related to incident glucose disorder (e.g., insulin levels, waist circumference, and family history of DM) were not collected. Two-hour glucose levels, which are frequently elevated in older adults and diagnostic of DM, 23 were not assayed. On the other hand, FG levels are the criterion most often used today to categorize glucose disorders. Second, ALLHAT had 70% more participants randomized to chlorthalidone treatment (which did not significantly interact with the GRS for FG elevation outcomes) than to amlodipine or lisinopril treatment. Had the ratio of randomization been 1:1:1 then it is likely that the test of trend of FG elevation and the GRS for the whole cohort would have been statistically significant. Also, given the small size of the cohort we did not try to categorize by age, race, sex, and so forth. Finally, we have not replicated our findings using an independent data-set. Our results are therefore exploratory and preliminary.
In conclusion, a GRS of genes associated with glucose disorders predicts FG elevation over time, especially in people treated with amlodipine. The GRS also significantly improves the ability to predict new glucose disorders, though its effect varies with the medication used. 
